Abstract-The technique of preparing nonstoichiometric polyelectrolyte complexes of chitosan soluble in neutral solutions is developed. Chitosan complexes soluble in neutral solutions and meeting the behavioral criteria of water soluble nonstoichiometric polyelectrolyte complexes are prepared via mixing of strongly acidic solutions of chitosan and polystyrenesulfonate anions taken in a nonequimolar charge-charge ratio and subsequent neutralization of the products by a solution of alkali. Thus, the region of existence of soluble complexes narrows with a decrease in the length of the host polyanion up to its full degeneration in the case of oligomeric anions. The critical concentration of a salt that brings about phase separation decreases with an increase in the relative content of the guest chitosan in a mixture and depends on the ratio of chain lengths of polymer components.
INTRODUCTION
The biocompatibility, biodegradability, biological activity, and nontoxicity of chitosan make this natural polysaccharide especially attractive for pharmacology and medicine [1, 2] . Bactericidal, wound healing, and sorption properties underlie the use of chitosan films for healing of wounds and burns [3] . The use of chito san improves the biocompatibility of implants and the regeneration of bone tissue [4] and intensifies the intake of drugs from the gastrointestinal tract and their transport through skin and mucous tunics [5] . In the development of new drugs, chitosan is included in the composition of tablets, gels, and microencapsulated systems for drug targeting [6] [7] [8] . Chitosan samples with a low degree of polymerization are used as carri ers for the delivery of genetic material into cell nuclei [9] [10] [11] [12] . The manufacture of chitosan is inexpensive and environmentally friendly, and its bioresources are renewable.
In acidic solutions, chitosan macromolecules carry positive charges and they are soluble in water and can interact with synthetic and natural polyanions and form polyelectrolyte complexes. The complexation of chitosan has been described in detail (e.g., reviews [13] [14] [15] ). However, in the cited publications, the main attention has been paid to the biological properties of complexes and related materials, whereas the molecu lar characteristics of the complexes remain unstudied. Information on the structure and composition of com plexes may be collected with the use of methods avail able for polymer solutions which are successfully used to study water soluble nonstoichiometric polyelectro lyte complexes (NPECs) [16] . However, the over whelming majority of chitosan complexes with syn thetic and natural polyanions are insoluble in water [17] [18] [19] [20] [21] [22] . The formation of soluble NPECs is ham pered by the heterogeneity of chitosan samples iso lated from the natural raw material, the relatively nar row pH range within which chitosan is soluble, struc tural features of this cationic polysaccharide, and its tendency toward formation of hydrogen bonds facili tating development of macromolecular associates.
Recently [23] , we managed to select conditions for preparing soluble nonstoichiometric complexes of chitosan in acidic solutions; as a result, their study via highly informative methods became feasible. How ever, the need to conduct experiments in strongly acidic solutions significantly confines the study and practical use of similar complexes.
In this study, we continue our experiments on cre ation of water soluble NPECs of chitosan. The approach developed here makes it possible to prepare complexes soluble in neutral and weakly alkaline solu tions. Furthermore, it can form the basis for preparing biocompatible and biodegradable complexes suitable for use at physiological values of the pH and ionic strength of a solution. [24] of chitosan sample manufac tured by ZAO Bioprogress (a degree of deacetylation of 90% and a sol weight fraction of 5%). The sample was preliminarily purified as described in [25] . The intrinsic viscosity of the sample after acidic hydrolysis was measured in a 2% acetic acid solution in the pres ence of 0.2 M sodium acetate [26] . The polyanions used were fractions of sodium polystyrenesulfonate (Na PSS) (DuPont, France-United States) with degrees of polymerization of 9, 21, 39, 87, 170, 360, and 1710. They will be denoted as Na PSS 9 , Na PSS 21 , Na PSS 39 , Na PSS 87 , Na PSS 170 , Na PSS 360 , and Na PSS 1710 .
EXPERIMENTAL

Reagents
Analytical Procedures
Polymer solutions were prepared by dissolution of weighed portions of chitosan in 0.05 HCl and Na PSS in water and then were used for preparing polyelectro lyte complexes.
Water soluble complexes were prepared by titra tion of a diluted Na PSS solution (7 × 10 -4 base mol/l) with a relatively concentrated chitosan solution (1.3 × 10 -3 base mol/l). Experiments were performed under continuous stirring at 10 min intervals before titrant portions were added. Transparent mixtures of various compositions Z = [chitosan]/[Na PSS], which were expressed in terms of the ratio of molar concentrations of amino groups of chitosan and sul fonate groups of Na PSS, were prepared. The concen tration of sulfonate groups in the mixtures was 4.7 × 10 -4 mol/l. Boundaries of phase separation regions in aque ous-saline solutions of mixtures of polymer compo nents were determined through titration of transparent solutions of mixtures of selected composition Z with a 4 M solution of potassium chloride. The concentra tion of salt, [KCl]*, corresponding to the onset of phase separation (the cloud point) was estimated. Experiments were performed under continuous stir ring at 5 min intervals before titrant portions were added.
Potentiometic measurements were carried out with a Beckman F 70 potentiometer equipped with a com bined electrode. To hydrochloric acid solutions of chi tosan and a chitosan-Na PSS mixture (an initial con centration of chitosan of 5 × 10 -3 base mol/l), a 0.01 M solution of alkali was added in small portions at 5 min intervals under constant stirring at a temper ature of 20°С.
Turbidimetric titration was performed on a Specord M 40 (Carl Zeiss, Jena, Germany) spectro photometer. For this purpose, the concentrated solu tion of a titrant (polycation or potassium chloride) was successively added in a standard cuvette containing the test solution. Measurements were performed under continuous stirring at room temperature. The optical density was measured at a wavelength of 450 nm. In this spectral region, none of the polymer components absorbed light. Mixtures whose optical densities did not exceed 0.02 were regarded as trans parent.
RESULTS AND DISCUSSION
The specific structure of chitosan; the molecular polydispersity of the chitosan samples; and their com positional heterogeneity, pH dependent solubility, and tendency toward formation of intra and intermo lecular hydrogen bonds predetermine the complex and ambiguous behavior of chitosan in aqueous solutions. To minimize the complicating effect of the above fac tors, a chitosan sample of a low average molecular mass and a low degree of acetylation that ensures the presence of primary amino groups in almost each sugar residue was used. Complexation was investigated in mixtures of diluted solutions of chitosan and sodium polystyrenesulfonate fully ionized throughout the studied pH range.
Water Soluble NPECs as Products of Incomplete Interpolyelectrolyte Reaction
Soluble NPECs of chitosan were prepared via titra tion of a Na PSS anion solution with a solution of chi tosan in strongly acidic solutions, where chitosan is almost fully protonated and the probability of forma tion of hydrogen bonds is minimal [23] . Attempts to prepare NPECs in neutral solutions with the same method failed. With an increase in pH, the critical composition of the mixture, Z cr , corresponding to the onset of phase separation decreased appreciably (Fig. 1 , the left hand branch of the curve). The value of Z cr was estimated from curves of the turbidimetric titration of the PSS 360 solution in a buffer at the desired pH with the chitosan solution (pH 5). The value of Z cr decreased from 0.3 to nearly zero with an increase in pH from 2.4 to 5.0; that is, the soluble NPEC cannot be prepared via direct mixing of component solutions in weakly acidic solutions. It is well known that a reduction in acidity leads to deprotonation of the amino groups of polysaccharide. As evidenced by potentiometric titration of a chitosan solution (Fig. 2,  curve 1) , the degree of deprotonation in the above pH range is 15-20%. On the basis of these data, the oppo site effect should be expected, that is, Z cr should increase, since the efficiency of the lyophilizing effect of the PSS anion should increase with a decrease in the number of charged protonated groups of the guest polycation. However, this reasoning disregards the well known effect of charging of a weak polyelectro
